Abstract. Detailed knowledge about the urban NO 2 concentration field is a key element for obtaining accurate pollution maps and individual exposure estimates. These are required for improving the understanding of the impact of ambient NO 2 on human health and for related air quality measures. However, city-scale NO 2 concentration maps with high spatio-temporal resolution are still lacking, mainly due to the difficulty of accurate measurement of NO 2 at the required sub-ppb level precision. We contribute to close this gap through the development of a compact instrument based on mid-infrared laser absorption spectroscopy. Leveraging recent advances in infrared laser and detection technology and a novel circular absorption cell, we demonstrate the feasibility and robustness of this technique for demanding mobile applications. A fully autonomous quantum cascade laser absorption spectrometer (QCLAS) has been successfully deployed on a tram, performing long-term and real-time concentration measurements of NO 2 in the city of Zurich (Switzerland). For ambient NO 2 concentrations, the instrument demonstrated a precision of 0.23 ppb at one second time resolution and of 0.03 ppb after 200 s averaging. Whilst the combined uncertainty estimated for the retrieved spectroscopic values was less than 5 %, laboratory intercomparison measurements with standard CLD instruments revealed a systematic NO 2 wall loss of about 10 % within the laser spectrometer. For the field campaign, the QCLAS has been referenced to a CLD using urban atmospheric air, despite the potential cross sensitivity of CLD to other nitrogen containing compounds. However, this approach allowed a direct comparison and continuous validation of the spectroscopic data to measurements at regulatory air quality monitoring (AQM) stations along the tram-line. The analysis of the recorded high-resolution time series allowed us to gain more detailed insights into the spatio-temporal concentration distribution of NO 2 in an urban environment. Furthermore, our results demonstrate that for reliable city-scale concentration maps a larger data set and better spatial coverage is needed, e.g., by deploying more mobile and stationary instruments to account for mainly two shortcomings of the current approach: (i) limited residence time close to sources with large short-term NO 2 variations, and (ii) insufficient representativeness of the tram tracks for the complex urban environment.
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Introduction
Numerous studies relate the exposure to nitrogen dioxide (NO 2 ) to adverse health effects (e.g., Adam et al., 2014; Gehring et al., 2013; WHO, 2013) . Despite this threat to human health, limit values are regularly exceeded in European cities, mainly at locations directly impacted by traffic emissions (EEA, 2016) . It is, therefore, highly relevant to provide spatially and temporally resolved NO 2 fields for the assessment of related health effects, for the guidance of efficient air quality measures, and for urban air quality planning. The true exposure of an individual is composed of the encountered pollutant concentration at a particular location and time as well as breathing rate. So far, the individual's exposure is mostly derived from land use regression models representing
Published by Copernicus Publications on behalf of the European Geosciences Union. 2670 P. M. Hundt et al.: Mid-IR spectrometer for mobile, real-time urban NO 2 measurements seasonal or annual mean concentrations at the individual's home or working address (e.g., Brauer et al., 2008; Cyrys et al., 2012) . Obviously, these values may be significantly biased depending on the mobility pattern of an individual, because NO 2 concentrations in the urban environment are highly variable in space and time.
Spatially and temporally highly resolved pollution maps, (< 20 m, < 1 h) based on statistical modeling, can enhance the accuracy of exposure estimates. However, such statistical models require accurate input data that represent the concentration levels at a set of different locations at an adequate temporal resolution. Up to date, accurate (±1 ppb) and continuous NO 2 measurements are mainly performed at air quality monitoring (AQM) stations equipped with chemiluminescence detectors (CLD). However, data from such AQM stations do not provide sufficient spatial resolution for detailed pollution maps due to the high variability of influencing factors such as the traffic situation and the built environment.
One approach to overcome this challenge is the deployment of denser measurement networks. Mueller et al. (2015) , for instance, used data from a dense network of passive diffusion samplers in Zurich (Switzerland) as input for statistical models. However, such passive samplers provide only average values over their exposure period, which is days to weeks, and therefore lack the necessary temporal resolution. The replacement of passive samplers by low-cost electrochemical sensors is being investigated, but has not yet been shown to be feasible for long-term deployment (Mead et al., 2013; Mueller et al., 2017) .
Mobile measurements are an attractive alternative for increasing the spatial resolution (Hagemann et al., 2014; Kehl, 2007) . However, this approach requires highly sensitive -typical concentrations range from 5 to 200 ppb -and selective measurement devices with a temporal resolution of a few seconds. Portable electrochemical sensors are currently not suited for such applications as their reproducibility, long-term stability, and response time (typically 60 s) do not fulfill the requirements (Mueller et al., 2017) .
Finally, a common issue with the widely used CLD technique is cross sensitivity to other nitrogen containing species as an artefact of the conversion from NO 2 to NO prior detection by CLD. This is known for catalytic conversion using molybdenum converters (Dunlea et al., 2007; Steinbacher et al., 2007) and to a smaller extent cross sensitivities to HONO, PAN and VOCs were reported for photolytic conversion (Reed et al., 2016; Villena et al., 2012) . This issue motivated the development of alternative measurement techniques of NO 2 that have less or no interference such as luminol chemiluminescence (Sluis et al., 2010) , laser induced fluorescence (LIF) (Dari-Salisburgo et al., 2009; Thornton et al., 2000) and long path absorption photometry (LOPAP) (Villena et al., 2011) .
In this context, laser spectroscopy is a highly promising measurement technique as it determines, in contrast to CLD, the concentration of NO 2 directly and with sampling rates of 1 Hz and higher. Previous studies have shown the applicability of diode-lasers in the visible (blue) spectral region for measuring NO 2 by various cavity enhanced techniques (Courtillot et al., 2006; Fuchs et al., 2009; Kebabian et al., 2005; Osthoff et al., 2006) . For high precision NO 2 measurements, the mid-infrared region is also often chosen due to the larger absorption cross section. Here, photoacoustic spectroscopy (Pushkarsky et al., 2006) , quartz-enhanced photoacoustic spectroscopy (Patimisco et al., 2014) and direct absorption spectroscopy (McManus et al., 2015) were applied and demonstrated detection limits to the ppt levels (e.g Tuzson et al., 2013b) .
Motivated by our latest developments regarding powerefficient laser driving (Fischer et al., 2014) and compact multipass cell designs (Mangold et al., 2016; Tuzson et al., 2013a) , as well as the availability of compact and collimated mid-infrared laser sources, i.e., TO-3 or HHL packaged quantum cascade lasers (QCLs), we developed a portable and robust instrument for mobile and direct measurements of NO 2 . We challenged this technique by the harsh environment on the roof of a tram operating as public transport service in the city of Zurich. Aside from the mechanical vibrations and large temperature variations, the instrument was to be exposed to severe weather conditions (rain and snowfall, direct sunshine, etc.) as well as sudden changes in electrical power delivery, including regular shut-down during nighttime or maintenance. In addition, footprint-and available voltage supply put stringent requirements on the instrumental design. The very limited access demanded a high-degree of autonomous functionalities.
In this article, we present the laser spectrometer, demonstrate its performance under laboratory conditions, and validate the NO 2 measurements during the field campaign. Finally, the recorded NO 2 time series are investigated with respect to their use in highly resolved statistical models.
Methods

Quantum cascade laser spectrometer
The instrument was specifically designed and built for this particular measurement campaign. Figure 1 shows the schematics of the main elements and the photographs of the QCLAS. The whole spectrometer is mounted into a 40 cm × 36 cm × 15 cm waterproof box with four metal springs at the bottom to dampen mechanical vibrations. A custom-made carbon fiber reinforced polymer breadboard (CarbonVision GmbH, Germany) is used as low-weight and sturdy support for the optics. Its low thermal expansion coefficient makes it well suited for varying thermal environments. The main optical components of the instrument are a continuous wave (cw) distributed feedback (DFB) QCL (Alpes Lasers, Switzerland), a cylindrical multipass cell (Mangold et al., 2016) and a thermoelectrically cooled MCT detector (PVI-4TE-6, Vigo Systems, Poland). The laser is encapsulated in a high-heat load (HHL) housing including a Peltier element and collimating optics. The QCL is operated at room temperature and emits at 1600 cm −1 with an output optical power of about 3 mW. It is driven in intermittent continuouswave (iCW) mode (Fischer et al., 2014 ) with a pulse duration of 160 µs and a duty cycle of 50 %. Thereby, the driving current of the QCL is dropped to zero between individual pulses leading to rapid heating and thus frequency tuning over 1.5 cm −1 during each current pulse. By shaping the current pulse form with several RC-elements, a near linear tuning was achieved. The accurate frequency calibration was done using a 2 inch solid Ge-etalon (Egorov Scientific, USA).
As discussed by Fischer et al. (2014) , the main advantages of the iCW driving mode are as follows: (i) a significant reduction of the laser's heat dissipation such that air cooling is sufficient, and (ii) decoupling of the laser driving current from the external power supply during laser driving, which strongly facilitates the design of the low-noise current driver. These elements are crucial in the design of compact and lightweight hardware.
The collimated output of the QCL has a beam diameter of 1 mm and is focused into the multipass cell (MPC) with a plano-convex CaF 2 lens (f = 150 mm, Thorlabs Inc, USA). The light passes an optical path of 12.2 m within the cylindrical 14.5 cm diameter MPC, which corresponds to 89 reflections in a star-like pattern, before it leaves the cell through the same hole and is coupled into the infrared detector. The circular MPC concept is described elsewhere in detail (Mangold et al., 2016) and only a brief summary is given here. The employed design consists of a single monolithic metal ring, which also serves as a circular mirror reflecting the optical beam. In harsh environments, this is particularly favorable because of the simple alignment and the mechanical robustness towards vibration or temperature changes. To minimize interference fringes, an absorption mask with holes of 4 mm diameter at positions where laser reflections are expected, is inserted in the cell. Additionally, the beam is coupled into the cell in an off-axis configuration leading to further separation of neighboring reflections on the mirror and thus less interference fringes (Mangold et al., 2016) .
In order to enhance selectivity and reduce spectral interferences, the pressure in the cell is reduced to 100 hPa using a small diaphragm pump (Typ N 85.3, KNF, Germany). The air flow is limited to 180 sccm by a critical orifice placed at the inlet. The gas exchange time in the cell was determined to be 9.6 s by exponentially fitting the NO 2 transmission signal while switching from ambient air to NO 2 -free air.
The detector signal is digitized by an USB oscilloscope (Picoscope 4000 Series, Pico Technology, UK) at 12-bit resolution and with 20 MS s −1 sampling rate. The data acquisition is triggered by a TTL signal generated by the laser driver. After continuous acquisition of 1000 spectra at a rate of 2 kHz in the digitizer's buffer, the data is transferred via a USB-port to a nano PC (Zero Pro, Xi3 Corporation, USA), where the spectra are then averaged and analyzed in real-time by a custom-written LabVIEW program. The NO 2 absorption spectrum is fitted by a Voigt profile considering pressure, temperature, path length and line strength. The corresponding spectroscopic parameters were taken from the HI-TRAN database (Rothman et al., 2013) . For the NO 2 concentration measurement, we used the group of lines in the vicinity of 1599.9 cm −1 . This range was also proposed by Tuzson et al. (2013b) as the best compromise between maximal NO 2 absorption cross sections and minimal spectral interference from water vapor or other trace gases. Figure 2 shows the transmission spectra recorded using NO 2 -free air and ambient air (49 ppb NO 2 ), respectively.
Although, the instrument was conceived for highest stability and robustness, the large ambient temperature variations (−5 to 20 • C) to which it was exposed in the field still induced significant drift in the retrieved NO 2 concentration. To account for this, we applied two strategies: first, the setpoint of the laser heat-sink temperature is continuously ad- justed via a feedback-loop to lock the laser frequency with respect to a H 2 O ro-vibrational absorption line in the neighborhood of the NO 2 absorption feature (1600.47 cm −1 ). This approach allowed maintaining the laser emission frequency within ±0.01 cm −1 . Second, a repeated determination of the spectral baseline without NO 2 absorption was found to be very efficient to account for long-term instrumental drifts. For the field campaign, the zero-point offset was determined measuring NO 2 -free air for 2 min every 20 min. This zero air was obtained by pumping ambient air through a stainlesssteel filter of 20 mL volume filled with chemisorbant and active charcoal mix (Purafil, Inc. USA).
Sampling site
The QCLAS was placed on the roof of a tram of the public transport company of the city of Zurich (VBZ) from 21 September 2015 to 9 March 2016. This tram ran most of the time on the tracks no. 11 and 14 according to the operation schedule defined by VBZ (see Fig. 3 for a detailed map). Tram services in Zurich operate from 5 a.m. to 1 a.m. at varying intervals. Consequently, the set of daily measurements (time period, number and location) varies from day to day. The cross-city tram services no. 11 and 14 link areas between 400 and 520 m a.s.l. (above sea level), while elevated residential areas in Zurich are up to 640 m a.s.l. The routes of these services are mostly on regular roads with little to heavy traffic, but include short passages that are free of motorized traffic.
NO 2 concentrations encountered in Zurich are moderate compared to other cities. Largest emission sources contributing to ambient NO 2 concentrations in Zurich are motorized traffic (47 % of NO x ) and heating systems (28 % of NO x ), followed by industry (15 %), construction (9 %), and other (1 %) (Brunner and Scheller, 2014) . Traffic emissions are by far dominant with respect to the spatial variability mea- sured by our mobile instrument as the release points of the emissions from heating systems are usually well above street level.
NO 2 concentration measurements at stationary sites
The municipal (Department for Environment and Health Protection (UGZ), City of Zurich) and federal (Federal Office for the Environment, FOEN) authorities operate seven AQM stations with CLDs for regulatory purposes in the city (see Fig. 3 ). These stations cover background as well as highly polluted locations and provide a comprehensive overview of the pollution situation encountered in Zurich with respect to the range of concentration levels and thus to the intraurban variability. However, the spatial representation is too coarse for the generation of spatially highly resolved pollution maps. We had access to the data with the highesttemporal resolution ( 
Mobile NO 2 concentration measurements
The measured NO 2 concentration data (3 s average) from the QCLAS are transferred via a serial interface to a measurement unit with GPS that is part of the "OpenSense" network. This unit is installed next to our instrument and described in detail by . The NO 2 concentration and GPS position data are transmitted via GSM (Global System for Mobile communications) and stored in a central database.
An overview of the recorded NO 2 data is shown in Fig. 4 . For analysis purposes the period 9 October 2015-15 February 2016 for which good quality measurements are available has been considered. The gap between 27 December 2015 and 5 February 2016 is due to optical misalignment of the instrument. Further data were excluded for situations when the tram was located within the depot area or when the GPS position was not clearly attributable to the tram track. Overall, 37 % of the study period was represented by data that could be used for further analysis.
The GPS receiver provided a position every 3 s, which was orthogonally projected on the nearest tram track after the route of the tram had been determined. We discarded all the positions with corrections exceeding 10 m. The NO 2 measurements and GPS positions were not synchronous. Therefore, the locations of the NO 2 measurements were linearly interpolated from the matched GPS positions. Considering the traveling speed of the tram, the NO 2 measurements correspond to a route segment and not to a single point. The length of the covered segment is the product of the averaging Figure 4 . Overview of the field campaign period. Time periods when the QCLAS was in operation and NO 2 data were transmitted to the database are depicted in light gray. Thirty minutes periods for which the QCLAS delivered high quality NO 2 data and the tram was in regular operation are depicted in dark gray.
time and the speed of the tram. Tram speed associated with the mobile NO 2 measurements was smaller than 5 m s −1 for 64 % and smaller than 10 m s −1 for 92 % of the time.
Results and discussion
Instrument performance and stability
The precision of the instrument was determined by applying the Allan variance technique (Werle et al., 1993) to the measured NO 2 concentration time series. Figure 5 shows an Allan deviation plot for measurements of NO 2 -free ("zero") air in the laboratory. The minimum in the Allan deviation plot indicates that the maximum useful averaging time is reached after 200 s and corresponds to a 1σ precision of 30 ppt. We also estimated the noise-floor of the detection system (combined detector and DAQ noise) by blocking the laser beam and analyzing the normalized noise signal. The Allan deviation for dark-noise is very close to the zero-air measurement, indicating that the NO 2 precision at short time scales (< 100 s) is basically limited by the detection system. For longer time scales, the Allan deviation of the zero-air measurement levels off, indicating that instrumental drifts start to dominate. These are mostly due to temperature variations and optical instability. Nevertheless, the Allan deviation remains at a low level even after 1000 s. This indicates that the instrument can run stably without recalibration for about 20 min. Based on these results, we performed zero-air measurements for 2 min at every 18 min interval during the field campaign. This allows us to apply a drift correction, which basically involves a simple offset-correction by subtracting the linear interpolation of the mean of the zero-air measurements before and after each 18 min measurement period. Such an offset- Figure 5 . Determination of the instrument precision and stability: time series of zero-air (red) and detector dark-noise (black) and the associated Allan deviation plots. The detector dark-noise trace in the top graph is offset by 1.5 ppb from zero for clarity.
correction is necessary as optical interference fringes, which can be seen as periodic "ripples" in the spectrum in Fig. 2 , can cause an offset of the measured zero-air signal by up to ±5 ppb.
As QCLAS determines compound concentration from the direct absorption signal based on Beer-Lambert's law, it can be considered an absolute method. The uncertainty of the retrieved concentration should only depend on the uncertainties of the input parameters, i.e., temperature, pressure, optical path length, and the spectroscopic parameters such as air broadening coefficient and line strength. A sensitivity analysis showed that the accuracies of temperature, pressure, and path length led to systematic uncertainties below 1 %. However, the spectroscopic line parameters are reported with 5 % maximum uncertainty (Perrin et al., 1992; Rothman et al., 2013) . Due to its reactivity, calibration of direct and specific NO 2 instruments is still an unsolved issue. Therefore, we chose to determine an overall calibration factor by comparison with a CLD, which is the reference method for regulatory AQM of NO 2 in Europe (European Norm EN 14211:2005) . More specifically, the QCLAS was compared to the chemiluminescence detector (CLD, APNA 370, Horiba) of a fixed air quality monitoring site (NABEL, located in Dübendorf, Switzerland), which is regularly calibrated to traceable NO standards. The CLD has a stated limit of detection of 0.1 ppb and a verified total uncertainty of 1.25 ppb at 30 ppb (NABEL, 2016) . For comparison, the QCLAS was installed on the roof of the air quality monitoring site next to the gas inlet of the CLD (distance between the gas inlets < 1 m). A scatter-plot of concentration measurements of both instruments over a 48 h period is shown in Fig. 6 . The linear fit with a slope of 0.83 reveals that the QCLAS measures about 17 % lower values than the CLD. Furthermore, there is an intercept of 0.5 ppb of the QCLAS relative to the CLD. The offset and part of the deviation of the slope from unity may be explained by cross-sensitivities of the CLD to other nitrogen containing compounds such as HNO 3 and PAN. Such cross sensitivities have been studied for rural Switzerland by Steinbacher et al. (2007) and were reported also for an AQM station in Zurich (ZUE) which is comparable to the station in Duebendorf (DUE) in terms of NO x pollution level. In ZUE about 10 % of the annual measured "NO 2 " concentration in 2010 was found to be caused by cross sensitivities. As such, cross sensitivity of the CLD and spectroscopic uncertainty alone cannot completely explain the difference between QCLAS and CLD.
The most plausible explanation to rationalize the observed difference is that NO 2 is systematically lost in the case of the QCLAS. Indeed, laboratory tests with the multipass cell confirmed about 10 % loss of NO 2 in a flow through experiment. The loss was reproducible and we found similar values before and after the field campaign. As the multipass cell is completely coated with gold, the most probable candidate for the NO 2 loss is the absorption mask that is placed into the cell to suppress the optical fringes. Given this issue, we decided to use the average calibration factor from several parallel measurements during a one month campaign. An example of such a parallel measurement is plotted in Fig. 6 . This has the advantage that it includes to some extent effects that may be dependent on air constituents that are not present in synthetic calibration gases. Finally, referencing our QCLAS measurements to a CLD (with a catalytic converter) despite its known cross sensitivities allows direct comparison to the measurements at the regulatory AQM sites that are located next to the tram tracks (SCH and STA) where the mobile QCLAS was operated. 
Tram based NO 2 measurements
Operation conditions during the mobile application are significantly more demanding than in the laboratory due to the harsh environmental conditions involving large temperature variations, vibrations, changing humidity, and precipitation. We analyzed the quality of the data obtained in the mobile application in two ways: first, we compared the tram measurements to measurements from a fixed air quality monitoring site. Second, we explored NO 2 patterns within defined spatial segments exploiting the fact that the tram traveled the same track several times.
The NO 2 time series recorded by the mobile QCLAS during the campaign reveal the spatio-temporal variation of the urban pollutant concentration field. As an example, Fig. 7 shows one day of tram measurements (3 s and 5 min averages) along with the CLD measurements (5 min averages) from the fixed monitoring stations SCH and STA. Site SCH is impacted by heavier traffic than site STA, resulting in higher NO 2 concentrations on average. Annual mean concentrations at SCH and STA in 2015 were 23.6 and 17.3 ppb, respectively. Traffic activities in Zurich are comparable during the morning and evening rush hours. Hence, a large part of the diurnal variation in NO 2 concentration is due to meteorology, e.g., the development of the boundary layer height during the course of the day.
The tram carrying the QCLAS regularly passed the fixed AQM sites about every 30 min on the selected day. This provided the opportunity to compare the NO 2 concentration values. In Fig. 8 , we plotted the data from the mobile instrument that were obtained in a 30 m radius around the fixed station STA and SCH vs. the corresponding CLD values from these AQM stations. While an excellent agreement is seen for site STA, the agreement is less pronounced for the station SCH. This could be for two reasons: (i) the larger distance between tram-track and monitoring station, and (ii) the location of site SCH at a crossroad, where traffic flow is controlled by traffic lights and therefore, a larger short-term variability of NO 2 is expected. From a more general perspective, this is of importance when mobile sensor data is corrected based on data from nearby fixed reference sites, as suggested by Arfire et al. (2015) and Saukh et al. (2015) . The parameters for data correction as determined from such an approach depend on the local concentration variability and the time response of the sensor and the reference instrument. Probing different air parcels may concur with concentration differences as it is observed for the data set obtained for AQM site SCH. Figure 9 summarizes the comparison between the tram measurements and data from all the AQM sites (5 min average). The comparison was performed individually for each site. We computed box-plots of the differences between the values from AQM sites and the values from the tram and calculated the slope of a linear regression through the origin.
Overall, the tram based NO 2 measurements match well with the NO 2 concentrations reported at different AQM sites. Best agreement was found with measurements from site STA. This site is most similar in terms of the average environment situation encountered by the tram, i.e., traffic loads and built environment. Sites SCH and RGS are located next to busy streets, site SWD next to a motorway and, thus, these three frequently encounter higher NO 2 concentrations. As the tram operates most of the time on regular roads, the NO 2 concentrations at AQM sites HEU and BLU are significantly lower on average than measured by the mobile QCLAS. Both sites are located at the outskirts of the city. Site HEU is about 200 m elevated with respect to the city center.
We analyzed the tram measurements in terms of their relation to traffic which is the main NO 2 source in Zurich. Hereby, we consider the NO 2 concentration as the sum of a background concentration level and a local emission signal (Heimann et al., 2015; Ruckstuhl et al., 2012) .
The NO 2 background signal for the city of Zurich was computed from the NO 2 measurements from the AQM sites in the city center (RGS, SCH, STA, ZUE; see Fig. 3 ). The urban background site ZUE has the lowest concentration on average and therefore is most similar to the background signal. The NO 2 measurements from each of these four AQM sites were averaged to 30 min mean values and the minimum 30 min mean value was taken as the 30 min NO 2 background concentration. The local emission signal is then computed as the difference between the tram-based NO 2 measurement and the background concentration.
Traffic intensity was calculated for all the locations in the city of Zurich based on annual mean values of the daily number of vehicles for particular roads as provided by the municipal authority. The data comes from 2013, which is well representative for the period observed in this study. The traffic intensity is based on the cumulated distance (CD i ) traveled by all light-and heavy vehicles (multiplied by a factor 10) within 10 m × 10 m grid cells. Traffic intensity at a particular location is the sum of the products of CD i and weight W i . We used for W i the function exp(−d ij /d 0 ) with d ij being the distance between location j and grid cell i and d 0 equaling 50 m. Traffic intensity as used in this study does not take into account the built environment. Although, the traffic load follows daily and weekly patterns, we can still assume that the (7) is indicated by the black line.
ranking of traffic loads of roads in the same part of the city remain proportional. Figure 10 shows the track segment between the stations Bahnhofquai and Bellevue as well as the traffic intensity. Correspondingly, Fig. 11 depicts the local emission signal aggregated by 50 m track length. The relation between traffic and the local emission signal is obvious. As expected, the local emission signal is highly variable in space and time corresponding to traffic loads and meteorological conditions. Figure 12 shows the distribution of the local emission signal for all complete tram runs between two terminal stations on lines 11 and 14 aggregated with respect to traffic intensity. In addition, the distribution of the local emission signal at the AQM sites is shown. The AQM measurements were temporally filtered in order to correspond to the mobile measurements. Compared to the fix AQM sites, the tram based mobile measurements have a much higher spatial coverage and can extend the information about the air quality situation in an urban environment.
Although, measurements from one single instrument operating on a tram are not representative for the entire city, mobile instruments can be used for the validation of (urbanscale) atmospheric models or for delivering input data for mapping of air pollutants with high spatio-temporal resolution (Mueller et al., 2016) . Mobile NO 2 measurements with an accuracy of 1-3 ppb and a fast response time as provided by the developed QCLAS are certainly fit for this purpose.
Conclusions
We presented a compact and robust QCLAS for highprecision ambient NO 2 measurements and successfully demonstrated its mobile deployment in an urban environment. Laboratory characterization and validation experiments showed a 1σ precision of the NO 2 measurement of 0.23 ppb at 1 Hz resolution and of 0.03 ppb after 200 s averaging time. The spectroscopic uncertainty of the retrieved NO 2 concentration was estimated to be less than 5 %; however, a systematic NO 2 loss of about 10 % within the absorption cell has been observed. Therefore, the QCLAS was calibrated before deployment on the tram by comparison with traceable CLD measurements using urban atmospheric air. Under field conditions, temperature dependent drift of optical interference fringes caused up to ±5 ppb additional bias in the NO 2 measurements. This was corrected by regular baseline measurements with NO 2 free air. Thus, the mobile calibration infrastructure consisted only of an additional NO 2 scrubber and a valve. The instrument operated autonomously on the roof of a tram measuring in situ and real-time NO 2 concentrations across the city of Zurich over a period of four months. Regular comparison with reference CLD in- Figure 11 . Estimated local emission signal (i.e., difference between measured NO 2 and background NO 2 ) between stations Bahnhofquai (1) and Bellevue (7) aggregated by 50 m track length. The traffic intensity is indicated by the blue line. struments from stationary AQM sites allowed assessing the quality of the retrieved values. The agreement was found to be better than 2 ppb.
The data revealed large spatio-temporal variability in NO 2 concentration in the vicinity of emission sources. This clearly identifies the main shortcoming of the obtained data set with respect to statistical modeling: sparse sampling for particular location types related to the accessibility of the measurement locations that were limited to the tram tracks (few background locations, no elevated locations). Improvements to this mobile approach would require the installation of additional instruments on further trams and on other public transport vehicles (e.g., buses connecting residential areas on roads with very low traffic) or a combination of mobile and stationary instruments operated at background sites or at highly polluted locations. This would allow the mapping of the entire NO 2 concentration field in a city with high spatio-temporal resolution and, concurrently, the refinement and validation of urban-scale modeling techniques.
Finally, the development of dual-wavelength QCL devices (Jagerska et al., 2014; Süess et al., 2016) opens the path towards mobile laser instruments that could measure NO and NO 2 simultaneously within the same compact footprint. Such measurements would give valuable insights into urban NO x chemistry. Similarly, other target species, such as CO, CO 2 , O 3 or CH 4 could be included in the near future.
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